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Abstract—1 In this paper, link selection for half-duplex buffer-
aided relay systems is revisited. A new fixed scheduling policy
referred as alternate distributed beamforming (ADB) is proposed,
in which the relays are divided into two groups, with one
group receiving the same information broadcast from the source
and the other group transmitting the common messages to the
destination via distributed beamforming in each time slot. It is
worth noting that the relays used for reception and transmission
are determined without the need of instantaneous channel state
information (CSI). Theoretical analysis of the achievable through-
put of the proposed scheme in Rayleigh fading is provided and
the approximate closed-form expressions are derived. Through
numerical results, it is shown that compared with existing link
selection policies, the proposed fixed scheduling ADB achieves a
significant improvement in achievable throughput.
I. INTRODUCTION
Cooperative communications have been an important build-
ing block for communication systems, in which the commu-
nication between a source node and a destination node is
accomplished via the help of a number of relay nodes [1]. With
the help of relays, alternative and independent transmission
paths are offered, and the diversity gain of the network can be
obtained. Also, distributed beamforming gain can be expected
[2].
To better utilize the benefits provided by multiple relays,
various relay selection schemes have been proposed. The
conventional relay selection (CRS) scheme selects single relay
that provides the strongest end-to-end path between the source
and destination [3]. The selected relay forwards the received
data immediately in the next time slot to the destination and
therefore the ability of the relays to store at least a limited
number of data packets is not elaborated. This relay selection
policy is considered as the optimal selection scheme for
conventional relaying system without buffers. The adoption of
buffer-aided relays can provide both throughput and diversity
gain by adaptive link selection [4], [5]. Storing packets and
transmitting them in favorable wireless conditions increases
the network’s resiliency, throughput and diversity. A max-
max relay selection (MMRS) scheme was proposed in [6],
which selects the relay with the best source-relay link and the
best relay-destination link for data reception and transmission,
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respectively. And space full-duplex max-max relay selection
(SFD-MMRS) scheme was introduced in [7], which mimics
full-duplex (FD) relaying with half-duplex (HD) relays via
link selection. A new relay selection scheme called max-link
relay selection scheme was suggested in [8], which selects
the strongest link for transmission among all the available
links at each time slot. In addition, a modified max-link relay
selection scheme has also been proposed, in which the direct
link between the source and destination was exploited to
achieve a significant performance gain in terms of diversity
and delay [9]. And a general relay selection factor including
the weight of the link and the link quality was defined in [10].
It is worth noting that the relay selected with the adaptive link
selection policies varies with the instantaneous channel state
information (CSI), which may introduce more complexities in
practical implement.
Note that a relay usually operates in either FD or HD
mode. In FD relaying, the relays transmit and receive at
the same time, and this operation will increase the hardware
complexity [11], [12]. We consider HD relays in this paper. In
HD relaying, relays are incapable of transmitting and receiving
simultaneously, thus leading to reduced capacity of the whole
network. In order to recover the HD loss, several successive
relaying schemes have been proposed [13]-[15], the main idea
of which is to adopt two relays acting as the receiving and
transmitting relay simultaneously. In [13], a two-way relaying
protocol and a two-path relaying protocol were proposed. It
was shown that both protocols recover a significant portion
of the HD loss for different relaying strategies. Both inter-
relay interference (IRI) and a direct link between source
and destination were considered in [14]. In [15], the authors
considered a two-relay network with multiple antennas at
the destination. The infrastructure-based relays with highly
directional antennas were used to avoid IRI. Note however that
a two-relay network is assumed in most of the aforementioned
works with successive relaying.
Inspired by the decode-and-forward [2] and fixed scheduling
[16], in this paper, we propose a novel relaying protocol named
alternate distributed beamforming (ADB), where the receiving
and transmitting relays are predetermined in each time slot
by grouping the relays. We consider the half-duplex buffer-
aided multiple-relay systems. We assume that there is no direct
Fig. 1. System model.
link between the source and the destination. We analyze the
achievable throughput of the proposed scheme in Rayleigh
fading channels and derive the closed-form expressions. Nu-
merical results in accordance with theoretical analysis show
the superiority of ADB.
The reminder of this paper is organized as follows. The
system model and several existing protocols are briefly intro-
duced in Section II. In Section III, the operation of ADB is
described in detail, and comprehensive analysis of the achiev-
able throughput is presented and the approximate closed-form
expressions are derived. Numerical results are provided in
Section IV. Finally, conclusions are drawn in Section V with
some lengthy proofs in Appendix.
II. PRELIMINARIES
A. System Model
We consider a relay network consisting of one source node
S, a set of L decode-and-forward (DF) relays R1, ..., RL, and
one destination node D, as shown in Fig. 1. We assume that
all nodes are equipped with a single antenna and operate in the
HD mode, i.e., they cannot transmit and receive data simul-
taneously. We assume that there is a buffer of infinite length
at each relay such that each relay can store the information
received from the source and transmit it in later time.
We assume that there is no direct link between the source
and destination, and the communications can be established
only via relays. We use gi and hi for i = 1, ..., L to denote the
channel coefficients of S−Ri and Ri−D links, respectively.
The channel is assumed to be stationary and ergodic. We
consider the block fading, in which the channel coefficients
remain constant during one time slot and vary independently
from one to the other. In addition to fading, all wireless links
are impaired by additive white Gaussian noise (AWGN). The
instantaneous received signal-to-noise ratio (SNR) at relay Ri
is given by γgi =
PS |gi|
2
N0
, and the instantaneous received SNR
at the destination from relay Ri is given by γhi =
PR|hi|
2
N0
,
where PS is the transmit power of the source, PR is the
transmit power of each relay, and N0 is the noise power at
the relays and destination.
We assume Rayleigh fading for the channel coefficients and
the variances of gi and hi are assumed to be σ
2
gi
and σ2hi ,
respectively. Throughout this paper, we consider the case of
independent and identically distributed (i.i.d.) fading for both
S−Ri and the Ri−D links, i.e. σ2gi = σ2g and σ2hi = σ2h, i =
1, ..., L, which is a typical assumption to facilitate analysis
[7].
B. Existing Relaying Protocols
In this part, we review several existing relaying protocols.
It is assumed that CSI is known at the transmitter of each link.
1) Conventional Relay Selection (CRS): The conventional
relay selection protocol selects the relay which provides the
strongest end-to-end path between the source and destination
[3]. The source transmits in the first time slot and the selected
relay forwards the data received from the source towards the
destination in the second time slot. The best relay Rj is
selected based on
j = arg max
i∈{1,...,L}
{min{γgi , γhi}}. (1)
The instantaneous end-to-end capacity for the overall system
is given by
Ck =
1
2
log2
(
1 + max
1≤k≤L
min
(
PS |gk|2, PR|hk|2
))
. (2)
Then, the achievable throughput is given by E[Ck], where E[·]
denotes the expectation. Throughout this text, the unit for the
throughput is bps/Hz.
2) Space Full-Duplex Max-Max Relay Selection (SFD-
MMRS): This protocol chooses different relays for reception
and transmission, according to the quality of the channels, so
that the relay selected for reception and the relay selected for
transmission can receive and transmit at the same time [7]. The
best relay for reception Rr1 and the best relay for transmission
Rt1 are selected respectively based on
r1 = arg max
i∈{1,...,L}
{γgi}, (3)
t1 = arg max
i∈{1,...,L}
{γhi}. (4)
The second best relay for reception Rr2 and the second best
relay for transmission Rt2 are selected respectively according
to
r2 = arg max
i∈{1,...,L}
i6=r1
{γgi}, (5)
t2 = arg max
i∈{1,...,L}
i6=t1
{γhi}. (6)
2
Fig. 2. Transmission modes of the proposed scheme.
Then, in SFD-MMRS, the relays selected for reception Rr¯1
and transmission Rt¯1 are chosen as
(Rr¯1 , Rt¯1) =


(Rr1 , Rt1), if r1 6= t1
(Rr2 , Rt1), if r1 = t1andmin(γgr2 , γht1 )
> min(γgr1 , γht2 )
(Rr1 , Rt2), otherwise.
(7)
Let CSR and CRD denote the instantaneous capacities of the
S −R and R−D links, respectively, i.e.,
CSR = log2
(
1 + PS |gr¯1 |2
)
,
CRD = log2
(
1 + PR|ht¯1 |2
)
. (8)
The achievable throughput is given bymin{E[CSR],E[CRD]}.
3) Decode and Forward (DF): In DF [2], each relay must
decode the common message transmitted by the source node
and beamform their transmissions to the destination, which is
also performed in two time slots. Then, the instantaneous rate
for the overall system is given by
Ck =
1
2
log2

1 +min

 min
1≤k≤L
|gk|
2
,
(
N∑
k=1
|hk|
)2

 . (9)
The achievable throughput is given by E[Ck].
III. ALTERNATING DECODE-AND-FORWARD PROTOCOL
A. The transmission policy
The operation of the ADB can be seen in Fig. 2, which
has two patterns. Time is slotted into discrete equal-size time
slots. We divide L relays into two groups, i.e., group 1 with
m relays, R1 = {R1, ..., Rm} and group 2 with L−m relays,
R2 = {Rm+1, ..., RL} 2. The source broadcasts messages to
the relays in group R1 for each t1-th time slot while at the
same time, the relays in groupR2 beamform the data available
in their buffers to the destination. It is assumed that the relays
are synchronized through signaling. Similarly, during the t2-
th time slot, the relays in group R2 must decode the message
transmitted by the source node and stores the packet in their
buffers while the relays in group R1 beamform the previously
2Due to the i.i.d. assumption, the relays can be divided arbitrarily. In case
of different fading statistics, the relay grouping will be another interesting
problem.
received packets to the destination. Denote T1 = {t1}, T2 =
{t2} as the set of time indices for the relays in group 1 and
2 receiving data from the source, respectively. Note that T1 ∪
T2 = {1, 2, ..., N}, where N is the total number of time slots.
We assume that the cardinality of T1 and T2 is |T1| = |T2| =
N
2 .
In this strategy, the benefits of both DF and fixed scheduling
are enjoyed. It is obvious that with this protocol, the HD loss
of conventional relays can be recovered [7] and distributed
beamforming gain can be expected. And it is worth noting that
compared with the selective protocols CRS and SFD-MMRS,
the receiving and transmitting relays in the proposed policy
do not vary with the instantaneous CSI and are predetermined
at the beginning of transmissions, which makes it easier to
implement in practice.
B. Achievable Throughput Analysis
In this section, we analyze the achievable throughput per-
formance of the proposed ADB scheme and derive the approx-
imate closed-form expressions. Due to the assumption of no
inter-relay links [7], [15], we assume that there is no inter-relay
interference when the receiving relays and transmitting relays
are active in the same time-slot. In practice, this assumption
is valid if the relays are located far away from each other or
if fixed infrastructure-based relays with directional antennas
are used. Note that fixed relays are of practical interest since
they are low-cost and low-transmit power devices (see, e.g.,
[15], [17], and [18]). Without loss of generality, we assume
that the noise power at the receiving nodes are equal to one,
i.e., N0 = 1. First, we have the following results.
Proposition 1: Given the transmit power levels PS and
PR, the achievable throughput of the proposed scheme can
be expressed as
CADB(PS, PR) =
1
2
min
{
E
[
log2
(
1 + PS min
Ri∈R1
(|gi|
2)
)]
,
E

log2

1 + PR

 ∑
Ri∈R1
|hi|


2


}
+
1
2
min
{
E
[
log2
(
1 + PS min
Ri∈R2
(|gi|
2)
)]
,
E

log2

1 + PR

 ∑
Ri∈R2
|hi|


2


}. (10)
Proof: Consider each group of relays, we know that the
achievable throughput of the data flow passing through group
3
R1 is given by [19]
CADB1
= min
{
lim
N→∞
1
N
∑
t1∈T1
[
log2
(
1 + PS min
Ri∈R1
(
|gi(t1)|
2
))]
,
lim
N→∞
1
N
∑
t2∈T2

log2

1 + PR

 ∑
Ri∈R1
|hi(t2)|


2


}
=
1
2
min
{
E
[
log2
(
1 + PS min
Ri∈R1
(|gi|
2)
)]
,
E

log2

1 + PR

 ∑
Ri∈R1
|hi|


2


}, (11)
where gi(t1) and hi(t2) denote the channel coefficients of
the S −Ri and Ri −D links in the t1-th and t2-th time slot,
respectively, and the last equality comes from the fact that each
transmission modes occupies half of the whole transmission
time slots, i.e., |T1| = |T2| = N2 . The computation of
CADB2 is similar to that of CADB1 . Therefore, the achievable
throughput of ADB can be calculated as
CADB(PS , PR) = CADB1 + CADB2
as shown in (10). 
Remark 1: The mode switching frequencyM , i.e., the relays
selected to receive data in every M consecutive time slots,
does not change the throughput. It is obvious that as M
increases, the queue length increases and the average delay
increases as well. Without loss of generality, we consider the
case that T1 = {1, 3, 5...} while T2 = {2, 4, 6...} throughout
this paper, i.e., the two different transmission modes alternates
every time slot.
Denote
C11 = E
[
log2
(
1 + PS min
Ri∈R1
(|gi|2)
)]
, (12)
C12 = E

log2

1 + PR
( ∑
Ri∈R2
|hi|
)2

 , (13)
C21 = E
[
log2
(
1 + PS min
Ri∈R2
(|gi|2)
)]
, (14)
C22 = E

log2

1 + PR
( ∑
Ri∈R1
|hi|
)2

 . (15)
Proposition 2: Given PS and PR, the approximate closed-
form expressions for the achievable throughput of ADB in
Rayleigh fading channels are given by
CADB =
1
2
min(C11,C22) +
1
2
min(C21,C12)
=


1
2 (C11 + C21) if C11 < C22 and C21 < C12,
1
2 (C11 + C12) if C11 < C22 and C21 > C12,
1
2 (C22 + C21) if C11 > C22 and C21 < C12,
1
2 (C22 + C12) otherwise.
(16)
where
C11 =
e
m
2σ2gPS
ln2
E1
(
m
2σ2gPS
)
, (17)
C22 =
1
ln2
{
e
1
2b1PRmE1
(
1
2b1PRm
)
×
[(
m−1∑
k=1
(− 1
PRm
)k
(2b1)k · k!
)
+ 1
]
+
m−1∑
k=1
1
(2b1)k · k!
k∑
s=1
(s− 1)!
(
−
1
PRm
)k−s(
1
2b1
)−s}
,
(18)
C21 =
e
L−m
2σ2gPS
ln2
E1
(
L−m
2σ2gPS
)
, (19)
C12 =
1
ln2
{
e
1
2b2PR(L−m)E1
(
1
2b2PR(L−m)
)
×



L−m−1∑
k=1
(
− 1
PR(L−m)
)k
(2b2)k · k!

+ 1

+ L−m−1∑
k=1
1
(2b2)k · k!
×
k∑
s=1
(s− 1)!
(
−
1
PR(L−m)
)k−s(
1
2b2
)−s}
, (20)
where
b1 =
σ2h
m
[(2m− 1)!!] 1m ,
b2 =
σ2h
L−m [(2(L−m)− 1)!!]
1
L−m ,
and (2m − 1)!! = (2m − 1)(2m − 3) · · · 3 · 1, E1(x) =∫∞
x
(e−t/t)dt, x > 0 is the exponential integral function.
Proof: Please see Appendix A. 
Given the total power constraint SNR of the network, we
can allocate the total power to the source and relays to achieve
the best performance.
For ADB, the receiving and transmitting relays for each time
slot have been determined before the system starts its normal
operation. The source transmits in every time slot, while either
m relays in groupR1 or L−m relays in groupR2 transmits in
one time slot. Note also that |T1| = |T2| = N2 . Therefore, we
should have PS +
L
2 PR ≤ SNR. Regarding SFD-MMRS, we
allocate transmit power to the source and L relays to enable
each relay to be capable of being selected for transmission.
Again, the sources works for all time slots. So we should have
PS + LPR ≤ SNR. With CRS, similarly, we should allocate
transmit energy to the source and L relays, albeit the data
transmission occupies two time slots. Therefore, we should
have 12 (PS + LPR) ≤ SNR. With regard to DF, each relay
must decode the common message transmitted by the source
node and beamform their transmissions to the destination,
obviously we need to allocate transmit energy to source and
L relays. It is also performed in two time slots, so we should
have 12 (PS + LPR) ≤ SNR.
Consider the achievable throughput in (10), once given the
total power SNR, it is obvious that when PS is small, the
4
Fig. 3. Achievable throughput versus PS/PR for several relaying protocols.
throughput is limited by the source-relay link. On the other
hand, when PR is small, the relay-destination link will be the
bottleneck of the system. Therefore, there is always an optimal
power allocation that maximizes the achievable throughput.
Definition 1: The maximum achievable throughput of ADB
is given by
Cmax = max
PS+
L
2 PR≤SNR
CADB(PS , PR). (21)
Similarly, we can define the maximum achievable throughput
for DF, CRS, and SFD-MMRS.
IV. NUMERICAL RESULTS
In this section, we evaluate the proposed ADB scheme and
compare it with that of CRS [3], SFD-MMRS [7], and DF [2].
We assume that σ2g = σ
2
h = 1, unless specified otherwise.
Fig. 3 plots the achievable throughput versus PS/PR for
each scheme. We assume SNR = 10 dB, L = 4 and m = 2.
We can find that the achievable throughput always has a peak
value as PS/PR varies, and the proposed scheme achieves
the largest throughput. We also note that the analytical results
obtained based on the derivation in Section III match the
simulation results, which verifies the approximate closed-form
expressions.
In Fig. 4, we compare the maximum achievable throughput
of the proposed ADB scheme with that of two relay selection
schemes and the traditional DF scheme as SNR varies. We
assume L = 4, and m = 2. We can find that the proposed
scheme achieves great performance gain especially in high
SNR. We can see that the HD loss is recovered and a
beamform gain can be achieved through power allocation.
In Fig. 5, we compare the maximum achievable throughput
of the ADB scheme versus SNR for different m, i.e., different
grouping modes. We assume L = 6. It is interesting that, the
symmetric allocation of relays achieves the best performance
Fig. 4. The maximum achievable throughput versus SNR for several relaying
protocols.
Fig. 5. The maximum achievable throughput versus SNR for different
grouping modes of the proposed scheme.
with the given setting. This is generally because that beam-
forming gain can be attained within each group.
In Fig. 6, we plot the maximum achievable throughput of
each scheme versus the number of relays for SNR = 10 dB.
We assume m = L/2. We can find that the proposed scheme
achieves the best performance in all cases. It is interesting that
for a given SNR, the proposed scheme achieves the largest
maximum throughput when L = 10, and the DF strategy
achieves the best throughput performance when L = 6. This
is probably due to the tradeoff between the reduction in
the power allocated to relays and the increased possibility
of selecting channels with better channel conditions as L
increases considering the total power constraint.
5
Fig. 6. The maximum achievable throughput versus the number of relays for
several relaying protocols.
V. CONCLUSION
In this paper, we have proposed a new relay policy named
ADB for buffer-aided multiple relay systems, in which the
relays are divided into two groups, with one group receiving
the signals transmitted by the source node while at the same
time, the other group beamform the previously received data
to the destination. In this policy, the relays used for reception
and transmission are determined without the need of channel
state information (CSI). We have obtained the closed-form
expressions of the achievable throughput in Rayleigh fading
channels. Through numerical results, we have found that the
proposed scheme achieves significant improvement over the
existing schemes in terms of the maximum achievable through-
put. In addition, for a given total power constraint SNR, the
proposed scheme achieves the best throughput performance at
a mediate number of relays.
APPENDIX
A. Proof of Proposition 2
To compute the achievable throughput of ADB in (16), we
need to find C11, C12, C21, and C22.
Computation of C11: In this case, we denote z =
min(g21 , g
2
2, ..., g
2
m). Therefore, to derive C11, we first compute
the probability density function (PDF) of z. The cumulative
distribution function (CDF) of z is given by
FZ(z) = P (min(g
2
1 , g
2
2, ..., g
2
m) ≤ z)
= 1− P (min(g21 , g22, ..., g2m) ≥ z)
= 1− P (g21 ≥ z)P (g22 ≥ z)...P (g2m ≥ z)
= 1− e−
m
2σ2g
z
. (22)
Take the derivative of (22), the PDF of z can be computed as
fZ(z) =
m
2σ2g
e
− m
2σ2g
z
. Then C11 can be obtained as
C11 = E[log2(1 + PSz)] =
∫ ∞
0
log2(1 + PSz)fZ(z)dz
=
∫ ∞
0
log2(1 + PSz)d
(
−e
− m
2σ2g
z
)
= −log2(1 + PSz)e
− m
2σ2g
z
|∞0 +
∫ ∞
0
e
− m
2σ2g
z
d (log2(1 + PSz))
=
1
ln2
∫ ∞
0
(
z +
1
PS
)−1
e
− m
2σ2g
z
dz
=
e
m
2σ2gPS
ln2
E1
(
m
2σ2gPS
)
, (23)
where E1(x) =
∫∞
x
(e−t/t)dt, x > 0 is the exponential
integral function. The computation of C21 is similar to that
of C11, it is given by
C21 =
e
L−m
2σ2gPS
ln2
E1
(
L−m
2σ2gPS
)
. (24)
Computation of C22: In this case, let z =
m∑
i=1
hi be a
sum of m i.i.d. Rayleigh random variables (RV’s). Note that
the distribution of an arbitrary sum of Rayleigh RV’s is not
exist in closed-form, as a result, numerical evaluations and
approximations must be used [20]. A relatively simple and
widely used small argument approximation (SAA) for the sum
PDF was derived in [21]. Then the SAA to the PDF of z is
fSAA(t) =
t(2m−1)e−
t2
2b
2m−1bm(m− 1)! ,
b =
σ2h
m
[(2m− 1)!!] 1m , (25)
where (2m− 1)!! = (2m− 1)(2m− 3) · · ·3 ·1 and t = z/√m
is the normalized argument. Integration of (25) yields a SAA
to the CDF of a Rayleigh sum given by
FSAA(t) = 1− e− t
2
2b
m−1∑
k=0
(
t2
2b
)k
k!
. (26)
Then the C22 can be computed as
C22 = E
[
log2
(
1 + PR(h1 + h2 + ...+ hm)
2
)]
=
∫ ∞
0
log2
(
1 + PR(
√
mt)2
)
f(t)dt
=
∫ ∞
0
log2(1 + PRmt
2)d (F (t)− 1)
= log2(1 + PRmt
2)(F (t) − 1)|∞0
−
∫ ∞
0
(F (t)− 1)d (log2(1 + PRmt2))
=
∫ ∞
0
e−
t2
2b
m−1∑
k=0
( t
2
2b )
k
k!
d
(
log2(1 + PRmt
2)
)
6
x=t2
=====
∫ ∞
0
e−
x
2b
m−1∑
k=0
( x2b )
k
k!
d (log2(1 + PRmx))
=
1
ln2
m−1∑
k=1
1
(2b)k · k!
∫ ∞
0
xke−
1
2bx
x+ 1
PRm
dx
+
1
ln2
∫ ∞
0
e−
1
2bx
x+ 1
PRm
dx
=
1
ln2
{
e
1
2bPRmE1
(
1
2bPRm
)[(m−1∑
k=1
(− 1
PRm
)k
(2b)k · k!
)
+ 1
]
+
m−1∑
k=1
1
(2b)k · k!
k∑
s=1
(s− 1)!
(
− 1
PRm
)k−s (
1
2b
)−s}
,
(27)
where Eq. 3.353.5 in [22] is used to obtain the final equality.
The computation of C12 is similar to that of C22, it is given
by
C12 =
1
ln2
{
e
1
2bPR(L−m)E1
(
1
2bPR(L−m)
)
×



L−m−1∑
k=1
(
− 1
PR(L−m)
)k
(2b)k · k!

+ 1


+
L−m−1∑
k=1
1
(2b)k · k!
k∑
s=1
(s− 1)!
(
−
1
PR(L−m)
)k−s(
1
2b
)−s}
,
(28)
where b =
σ2h
L−m [(2(L − m) − 1)!!]
1
L−m . Finally, CADB is
obtained by substituting (23), (24), (27), and (28) into (16).
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